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Clinical PerspectiveWhat Is New?In platelets, activation of nuclear factor kappa B by sCD40L is CD40‐dependent.sCD40L/CD40 axis activates TAK1 upstream of nuclear factor kappa B in platelets.CD40L/CD40/TAK1/nuclear factor kappa B signaling primes platelets and potentiates aggregation in response to thrombotic stimuli.What Are the Clinical Implications?Targeting CD40L/CD40/TAK1/nuclear factor kappa B limits platelet priming and activation and may ultimately represent a therapeutic target in the treatment of thromboinflammatory diseases.

Introduction {#jah33677-sec-0008}
============

Patients with inflammatory diseases exhibit higher than expected rates of ischemic cardiovascular events that are not attributable to common risk factors, but rather to inflammatory stimuli that trigger pathways contributing to the pathogenesis of cardiovascular diseases[1](#jah33677-bib-0001){ref-type="ref"}, [2](#jah33677-bib-0002){ref-type="ref"} In this regard, the thromboinflammatory mediator CD40L and its classical receptor CD40, molecules of critical importance in humoral immunity, have gained significant attention for their involvement in the pathophysiology of cardiovascular diseases and thrombotic events.[3](#jah33677-bib-0003){ref-type="ref"}, [4](#jah33677-bib-0004){ref-type="ref"}, [5](#jah33677-bib-0005){ref-type="ref"} Indeed, CD40L/CD40 interactions in different cell types regulate a plethora of inflammatory cascades (cytokine release, upregulation of adhesion molecules, and activation of leukocytes and platelets) at the forefront of cardiovascular alterations. Thus, CD40L/CD40 axis may represent a pivotal contributor to the establishment of accelerated vascular alterations in patients with high circulating levels of CD40L. Like most members of the tumor necrosis factor (TNF) family, CD40L can be detected in soluble form (sCD40L) in the blood circulation, whose principal source is activated platelets.[6](#jah33677-bib-0006){ref-type="ref"}, [7](#jah33677-bib-0007){ref-type="ref"}, [8](#jah33677-bib-0008){ref-type="ref"} Circulating levels of sCD40L in patients have now emerged as reliable indicators of cardiovascular risk, as there appears to be a significant correlation between levels of sCD40L and vascular complications such as atherosclerosis and acute coronary syndromes.[9](#jah33677-bib-0009){ref-type="ref"}, [10](#jah33677-bib-0010){ref-type="ref"} sCD40L activates platelets, as revealed by α‐ and dense‐granule release, and morphological changes typically associated with activation of αIIbβ3.[11](#jah33677-bib-0011){ref-type="ref"} In this regard, we have shown that enhanced levels of sCD40L exacerbate platelet activation and aggregation through the CD40/TRAF‐2/Rac‐1/p38 mitogen‐activated protein kinases (MAPK) signaling pathways.[12](#jah33677-bib-0012){ref-type="ref"} More recently, we have also shown that sCD40L triggers nuclear factor kappa B (NF‐κB) activation in platelets.[13](#jah33677-bib-0013){ref-type="ref"} Activation of NF‐κB by sCD40L is independent of p38 MAPK, which suggests that CD40L activates NF‐κB through a different pathway.

In nucleated cells, CD40L‐induced NF‐κB activation involves the phosphorylation of NF‐κB inhibitor κB protein (IκB), thus causing its proteasome‐mediated degradation. In response to stimuli, the NF‐κB dimers, in association with the inhibitory IκB subunit, are regulated by the IκB kinase (IKK). Upon phosphorylation by IKK, the IκB subunit is targeted for proteasome degradation, thereby releasing an active form of NF‐κB that translocates into the nucleus to transcript targeted genes.[14](#jah33677-bib-0014){ref-type="ref"} In anucleated platelets, phosphorylation of IκBα, which is indicative of NF‐κB activation, is also observed following platelet activation,[15](#jah33677-bib-0015){ref-type="ref"} and NF‐κB inhibitors lead to impairment of platelet function.[16](#jah33677-bib-0016){ref-type="ref"} Indeed, inhibition of platelet NF‐κB activation in response to sCD40L stimulation abolished the potentiation of platelet aggregation in response to suboptimal doses of agonists.[13](#jah33677-bib-0013){ref-type="ref"} This led us to hypothesize that CD40L/NF‐κB signaling in platelets plays a non‐genomic role as a primer that predisposes platelets to enhanced activation and aggregation and may represent an important target against atherothrombosis.

Nevertheless, the discovery of new CD40L receptors (αIIbβ3, α5β1, and αMβ2),[17](#jah33677-bib-0017){ref-type="ref"}, [18](#jah33677-bib-0018){ref-type="ref"}, [19](#jah33677-bib-0019){ref-type="ref"} in addition to its classical receptor CD40, adds complexity to the diverse interplays in which CD40L takes part in platelet function.[5](#jah33677-bib-0005){ref-type="ref"} Several studies showed that CD40L‐induced platelet activation passes through CD40,[12](#jah33677-bib-0012){ref-type="ref"}, [20](#jah33677-bib-0020){ref-type="ref"}, [21](#jah33677-bib-0021){ref-type="ref"}, [22](#jah33677-bib-0022){ref-type="ref"} while others examined the role of CD40L/α~IIb~β3 interaction in platelet physiology;[17](#jah33677-bib-0017){ref-type="ref"}, [23](#jah33677-bib-0023){ref-type="ref"} one study reported a role for CD40L/α5β1 interactions in platelet activity.[24](#jah33677-bib-0024){ref-type="ref"} Despite these studies, the contribution of each of these different receptors in platelet activation and aggregation in response to CD40L, and in particular in the activation of the NF‐κB cascade, remains unexplored.

In search of the effector that leads to sCD40L‐induced NF‐κB activation, the transforming growth factor‐β‐activated kinase 1 (TAK1)[25](#jah33677-bib-0025){ref-type="ref"} appeared as a principal candidate. In fact, TAK1 has been shown to function upstream of IKKβ in response to various NF‐κB‐inducing stimuli.[26](#jah33677-bib-0026){ref-type="ref"}, [27](#jah33677-bib-0027){ref-type="ref"} Indeed, TAK1 is a major regulator of the inflammatory and immunity signaling pathways that can be activated through a variety of proinflammatory receptors, such as CD40[28](#jah33677-bib-0028){ref-type="ref"} Once activated, TAK1 leads to downstream activation of several pathways, including NF‐κB.[26](#jah33677-bib-0026){ref-type="ref"}, [29](#jah33677-bib-0029){ref-type="ref"} Although TAK1 is present in platelets[30](#jah33677-bib-0030){ref-type="ref"} its function in the CD40L/NF‐κB signaling remains unknown.

Thus, the present study was conducted to identify the CD40L receptors involved in platelet NF‐κB activation, their downstream signaling, and their impact on platelet aggregation. We found that sCD40L triggers activation of NF‐κB and primes platelets through the CD40 receptor and activation of TAK1, which suggests that CD40L primes platelets via signaling pathways involving CD40/TAK1/NF‐κB activation that predisposes platelets to enhanced activation and aggregation in response to thrombotic stimuli.

Methods {#jah33677-sec-0009}
=======

The data, analytic methods, and study materials will be made available, upon request from the corresponding author, to other researchers for the purpose of reproducing the results or replicating the procedure.

Preparation of Human Platelets {#jah33677-sec-0010}
------------------------------

Venous blood was drawn from 30 healthy volunteers who had not taken medications known to interfere with platelet function for at least 3 weeks before the experiment. The protocol was approved by the Human Ethical Committee of the Montreal Heart Institute in accordance with the Declaration of Helsinki for experiments involving humans. Informed consent was obtained from all participants. Washed platelets were prepared as previously described[12](#jah33677-bib-0012){ref-type="ref"}, [13](#jah33677-bib-0013){ref-type="ref"} Briefly, platelet‐rich plasma was obtained by centrifugation of acid‐citrate‐dextrose, anticoagulated blood. Platelets were then pelleted from platelet‐rich plasma, to which 1 μg/mL of prostaglandin E1 (PGE~1~) was added, washed with HBSS‐Hank\'s sodium citrate buffer and finally resuspended in HBSS‐Hank\'s buffer, which contained 2 mmol/L MgCl~2~ and 2 mmol/L CaCl~2~. Platelets were adjusted to 250×10^6^/mL and allowed to rest at 37°C for at least 30 minutes before further manipulation.

Preparation of Murine Platelets {#jah33677-sec-0011}
-------------------------------

The handling and care of mice complied with the guidelines established by the Animal Care and Ethical Committee of the centre hospitalier de l\'Université de Montréal (CHUM) research center in agreement with the Canadian Council on Animal Care guidelines. Age‐ and sex‐matched 18 wild‐type and 18 CD40^−/−^ mice, both on C57BLK/J6 background, were purchased from the Jackson Laboratory and housed under pathogen‐free conditions. Briefly[12](#jah33677-bib-0012){ref-type="ref"} mice (3--4 months; 20--30 g) were anesthetized using an intraperitoneal injection of a mixture of 75 mg/kg ketamine (vetalar) and 0.5 mg/kg medetomidine (Domitor, Pfizer). Blood was collected from the ventricular puncture into syringes containing one twentieth of the blood volume of heparin as an anticoagulant. For each experiment, we combined the blood collected from 3 mice (750--1000 μL/mouse), which was diluted (1:1) using a modified Tyrode buffer containing 0.1 μg/mL PGE~1~ and centrifuged. Washed platelets were then prepared from platelet‐rich plasma and resuspended in a modified Tyrode buffer to yield a final concentration of 250×10^6^/mL.

Determination of Platelet CD40L Receptors {#jah33677-sec-0012}
-----------------------------------------

The known CD40L receptors in various cell types are CD40, αIIbβ3, α5β1, and αMβ2. Their expressions on human platelets were first measured by flow cytometry. Isolated platelets were fixed with 1% paraformaldehyde and were then washed and stained with saturating concentrations of primary antibody against CD40, α5, β1, αIIb, β3, αM, and β2 integrins (R&D systems) for 30 minutes at 4°C or their isotype‐matched control immunoglobulin Gs. Platelets were washed 3 times with PBS/0.2% Fetal Bovine Serum (FBS), and Alexa 488 coupled secondary antibody was then added and incubated for 30 minutes at 4°C. Samples were analyzed (20 000 events) on a FACSCalibur flow cytometer (Becton Dickinson), and platelets were gated by their characteristic forward and side scatter properties, as described previously[12](#jah33677-bib-0012){ref-type="ref"}

The presence of the different CD40L receptors in platelets was also measured by Western blot (WB) of platelet lysates. Proteins were resolved in 10% sodium dodecyl sulphate‐polyacrylamide gel electrophoresis (SDS‐PAGE) gels and transferred to nitrocellulose membranes. The membranes were blocked with 5% non‐fat dry milk for 1 hour, washed 3) times with Tris‐buffered saline (TBS) (150 mmol/L NaCl, 20 mmol/L Tris, pH 7.4, 0.1% Tween‐20) and incubated with appropriate primary antibody overnight at 4°C. Following the washing steps, membranes were labeled with horseradish peroxidase‐conjugated secondary antibodies for 1 hour; washing and bound peroxidase activity was detected using enhanced chemiluminescence (PerkinElmer Life Sciences).

Measurement of Platelet CD40L {#jah33677-sec-0013}
-----------------------------

The presence of CD40L in platelet lysates was determined by WB, and its expression on the platelet surface was analyzed by flow cytometry. The concentration of sCD40L secreted by platelets in a resting state and after stimulation with sCD40L was determined by using an ELISA kit (R&D system) that recognizes the sCD40L backbone.

Platelet NF‐κB and TAK1 Activation Assay {#jah33677-sec-0014}
----------------------------------------

Following stimuli that solicit the NF‐κB pathway, the IκB inhibitory subunit of the NF‐κB complex is phosphorylated and degraded, thus allowing the p65 subunit to be phosphorylated and activated. As described previously[13](#jah33677-bib-0013){ref-type="ref"} we used primary antibodies against phospho‐IκBα serine^32/36^, phospho‐TAK1 threonine^184/187^, phospho‐NF‐κB p65 serine^536^, TAK1, NF‐κB p65, and β‐actin (Cell Signaling Technology). Isolated platelets were suspended in Hanks\' balanced Salt Solution (HBSS) complete medium at 10^9^ platelets/mL and were rested at 37°C for 30 minutes. Resting platelets (control) and platelets stimulated with sCD40L for 5 minutes at 37°C were prepared. To elucidate the involvement of each CD40L receptor in NF‐κB activation, ReoPro (abciximab, 10 μg/mL, Janssen/Lilly)[17](#jah33677-bib-0017){ref-type="ref"}, [31](#jah33677-bib-0031){ref-type="ref"} and JBS5 (10 μg/mL, calbiochem)[24](#jah33677-bib-0024){ref-type="ref"} were used to block αIIbβ3 and α5β1, respectively. To block the CD40 receptor, a direct CD40 blocker could not be used because the available anti‐CD40 monoclonal antibody has agonistic features[32](#jah33677-bib-0032){ref-type="ref"}, [33](#jah33677-bib-0033){ref-type="ref"} Therefore, we acquired the Fab‐fragment 5C8 (10 μg/mL), an anti‐CD40L antagonist that specifically blocks the binding site of CD40L that is recognized by CD40, thereby inhibiting CD40/CD40L binding.[18](#jah33677-bib-0018){ref-type="ref"}, [34](#jah33677-bib-0034){ref-type="ref"} The corresponding immunoglobulin G isoforms for each antibody were used as a control. BAY 11‐7082 (10 μmol/L, selective IκBα inhibitor; Sigma‐Aldrich)[13](#jah33677-bib-0013){ref-type="ref"} 5Z‐7‐Oxozeaenol (ZOL, 1--1000 nmol/L, a selective TAK1 inhibitor; Sigma‐Aldrich)[35](#jah33677-bib-0035){ref-type="ref"}, [36](#jah33677-bib-0036){ref-type="ref"} and Takinib (0.01--100 μmol/L, a selective TAK1 inhibitor, MedChemExpress)[37](#jah33677-bib-0037){ref-type="ref"} were used to study TAK1 activation by sCD40L. Platelets were then lysed by adding hot SDS‐blue containing β‐mercaptoethanol and protease inhibitors and the lysates immunoblotted, as described previously.[12](#jah33677-bib-0012){ref-type="ref"}, [13](#jah33677-bib-0013){ref-type="ref"}

Platelets isolated from wild‐type or CD40^−/−^ mice were suspended in a modified Tyrode buffer at 10^9^ platelets/mL and rested at 37°C for 30 minutes. They were then stimulated with mouse sCD40L (R&D System) to evaluate NF‐κB complex activation. Lysates from mouse platelets were resolved in 10% SDS--PAGE and assessed for phospho (p) p‐IκBα and p‐P65. β‐actin blots were generated from stripped membranes of p‐IκB and p‐P65 blots.

Measurement of Platelet Aggregation {#jah33677-sec-0015}
-----------------------------------

We monitored aggregation of washed human platelets on a 4‐channel optical aggregometer (Chronolog Corp) under shear (1000 rpm) at 37°C. Platelet suspensions were preincubated with increasing concentrations (10--1000 ng/mL) of sCD40L (R&D systems) at 37°C, for 5, 15, or 30 minutes. Platelet suspensions were also pretreated with several inhibitors: 5C8 (10 μg/mL), JBS5 (10 μg/mL), BAY 11‐7082 (10 μmol/L), ZOL (10, 50, and 100 nmol/L), or Takinib (1, 5, and 10 μmol/L), for 10 minutes followed by a treatment of platelets with sCD40L (1000 ng/mL) for 30 minutes. Platelet aggregation was then triggered by a suboptimal dose of α‐thrombin (Sigma‐Aldrich) approximating 0.025±0.01 U/mL that induces no \>30% aggregation, as observed in the dose‐response curve of platelet aggregation in response to thrombin ranging from 0.0125 to 0.1 U/mL (Figure [S1](#jah33677-sup-0001){ref-type="supplementary-material"}). Traces were recorded until stabilization of platelet aggregation was reached[12](#jah33677-bib-0012){ref-type="ref"}, [13](#jah33677-bib-0013){ref-type="ref"}

Statistical Analysis {#jah33677-sec-0016}
--------------------

Statistical analysis was performed using IBM SPSS statistics 25. Results are presented as mean±SEM. Statistical comparisons were done using a paired *t* test or a 1‐way ANOVA followed by a Dunnett\'s test for comparison against a single group. In human platelets, each experiment (n) represents data obtained from 1 donor blood; whereas in mouse, each experiment (n) represents data obtained from platelets isolated from combined 3 mouse blood. The specific statistical tests used, the mean of data, the number of experiments, and the *P* values are specified in the figure legends. A *P*\<0.05 was considered statistically significant.

Results {#jah33677-sec-0017}
=======

Detection of the CD40L System in Platelets {#jah33677-sec-0018}
------------------------------------------

First, we aimed to identify the different platelet CD40L receptors. This was done by analyzing, using flow cytometry and WB, the different subunits of the known receptors for CD40L (CD40, αIIbβ3, α5β1, and αMβ2) on various cell types. As shown in Figure [1](#jah33677-fig-0001){ref-type="fig"}A, we detected by flow cytometry the presence of CD40, αIIbβ3, and α5β1 on platelets; however, αMβ2, whose expression is restricted to leukocytes, was absent. This was confirmed by immunoblotting of the different subunits in platelet lysates (Figure [1](#jah33677-fig-0001){ref-type="fig"}B).

![Human platelets express 3 receptors for CD40L: CD40, αIIbβ3, and α5β1. **A**,CD40L receptor expression was evaluated by flow cytometry. Isolated platelets were stained with primary antibodies against CD40, α5, β1, αIIb, β3, αM, and β2 integrins (grey curves), for 30 minutes at 4°C or their isotype‐matched control immunoglobulin Gs (black curves). The graphs of the number of platelets were normalized to the mode to depict the data regarding "% of max." The % of max denotes the number of cells in each bin (the numerical ranges for the parameter on the x‐axis) divided by the number of cells in the bin that contains the largest number of cells). **B**, The presence of CD40L receptors in human platelets was also determined by WB. Platelet lysates were resolved in 10% SDS--PAGE and assessed for CD40, α5, β1, αIIb, β3, αM, and β2 integrins. **C**, Human platelets express and release sCD40L. Left: Platelet lysates were resolved in 10% SDS--PAGE and assessed for CD40L by WB. Center: Isolated platelets were analyzed by flow cytometry using primary antibody against CD40L (grey curve) and its corresponding isotype‐matched control immunoglobulin G (black curve). Right: sCD40L secretion profile of platelets after stimulation with exogenous sCD40L (1 ng/mL), as analyzed by ELISA. Also showing, the effect of CD40L/CD40 blockade using 5C8 on sCD40L release in CD40L‐stimulated platelets (n=3, mean±SEM). \**P*\<0.01 (Paired *t* test; 5C8 vs its immunoglobulin G control). FL indicates Forward light scatter.](JAH3-7-0e03677-g001){#jah33677-fig-0001}

We also confirmed the presence of the CD40L protein in platelet lysates through flow cytometry and WB (Figure [1](#jah33677-fig-0001){ref-type="fig"}C). Moreover, we demonstrated its release by treating platelets with sCD40L. The platelet release of sCD40L was abolished by the blockade of CD40L/CD40 axis (Figure [1](#jah33677-fig-0001){ref-type="fig"}C) using 5C8, a monoclonal antibody that binds with high affinity to CD40L and neutralizes its function by specifically blocking its binding site with CD40[34](#jah33677-bib-0034){ref-type="ref"}

sCD40L Activates Platelet NF‐κB Via CD40 {#jah33677-sec-0019}
----------------------------------------

We have previously shown that NF‐κB is required for sCD40L‐induced platelet activation and potentiation of platelet aggregation independently of p38‐MAPK activation.[13](#jah33677-bib-0013){ref-type="ref"} Having shown that platelets express different receptors for CD40L, we aimed to determine the CD40L receptors involved in NF‐κB activation. To this end, we first confirmed the activation of NF‐κB by sCD40L by assessing IκBα phosphorylation, which leads to the degradation and release of the active form of NF‐κB, and p65 phosphorylation, a subunit of NF‐κB. Our results showed that sCD40L induces a dose‐dependent phosphorylation of IκBα (Figure [2](#jah33677-fig-0002){ref-type="fig"}A) and p65 (Figure [2](#jah33677-fig-0002){ref-type="fig"}B). To confirm the specific action of sCD40L on platelet NF‐κB activation, its action was abolished by a blocking monoclonal CD40L antibody (TNFSF5)[38](#jah33677-bib-0038){ref-type="ref"} (Figure [2](#jah33677-fig-0002){ref-type="fig"}). Moreover, sCD40L alone primes platelets via either NF‐κB or p38 MAPK, independently of the presence of agonists such as thrombin or collagen, which were without any effects on NF‐κB or p38 MAPK activation (Figure [S2](#jah33677-sup-0001){ref-type="supplementary-material"}).

![sCD40L phosphorylates IκBα and P65 in human platelets. Washed human platelets (1000×10^6^/mL) were treated with different concentrations of sCD40L (1, 10, 100, and 1000 ng/mL) for 5 minutes at 37°C. Platelets were also pretreated with anti‐CD40L and stimulated with sCD40L (1000 ng/mL). Platelet lysates were resolved in 10% SDS--PAGE and assessed for **(A)** pIκBα and **(B)** pP65. Actin blot is from stripped membranes of pIκBα blot; and P65 blot is from stripped membranes of pP65 blot. Blots are representative of 4 independent experiments. Histograms represent the mean of data, expressed in optical density (n=4, mean±SEM). \**P*\<0.05; ^†^ *P*\<0.001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs control).](JAH3-7-0e03677-g002){#jah33677-fig-0002}

To determine the CD40L receptors involved in platelet NF‐κB activation, we used specific blocking monoclonal antibodies to antagonize each receptor: ReoPro for αIIbβ3,[17](#jah33677-bib-0017){ref-type="ref"} JBS5 for α5β1[24](#jah33677-bib-0024){ref-type="ref"} and 5C8 for CD40L/CD40 binding[34](#jah33677-bib-0034){ref-type="ref"} As shown in Figure [3](#jah33677-fig-0003){ref-type="fig"}, blockade of αIIbβ3 (Figure [3](#jah33677-fig-0003){ref-type="fig"}A) and α5β1 (Figure [3](#jah33677-fig-0003){ref-type="fig"}B) receptors on platelets with their corresponding antagonists has no influence on IκB and p65 phosphorylation in response to sCD40L. In contrast, phosphorylation of both IκB and p65 (Figure [3](#jah33677-fig-0003){ref-type="fig"}C) were abolished by 5C8, which binds with high affinity to CD40L and neutralizes its function by specifically blocking its binding site with CD40.[34](#jah33677-bib-0034){ref-type="ref"} We confirmed the unique contribution of CD40 to platelet NF‐κB activation in response to sCD40L using a genomic approach in CD40‐deficient mouse platelets. Indeed, we demonstrated an increase in IκBα (Figure [4](#jah33677-fig-0004){ref-type="fig"}A) and p65 phosphorylation (Figure [4](#jah33677-fig-0004){ref-type="fig"}B) in msCD40L‐treated, wild‐type mouse platelets; this effect was absent in CD40^−/−^ mouse platelets. These results clearly showed that the CD40L receptor responsible for NF‐κB activation in platelets is CD40.

![Platelet NF‐κB activation by sCD40L is CD40‐dependent. Washed human platelets (1000×10^6^/mL) were treated with **(A)** 10 μg/mL of ReoPro, **(B)** 10 μg/mL of JBS5, or **(C)** 10 μg/mL of 5C8 and corresponding immunoglobulin Gs for 5 minutes at 37°C. Pretreated platelets were then stimulated with 1000 ng/mL of sCD40L for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for pIκBα and pP65. Actin blot is from stripped membranes of pIκBα blot; and P65 blot is from stripped membranes of pP65 blot. Blots are representative of 4 independent experiments. Histograms represent the mean of data, expressed in optical density (n=4, mean±SEM). IgG indicates immunoglobulin G. \**P*\<0.001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs the sCD40L group).](JAH3-7-0e03677-g003){#jah33677-fig-0003}

![NF‐κB activation in response to msCD40L is absent in CD40^−/−^ mouse platelets. Washed platelets (1000×10^6^/mL) from wild‐type or CD40^−/−^ mice were stimulated with different concentrations of msCD40L for 5 minutes at 37°C. Platelet lysates were resolved in 10% SDS--PAGE and assessed for **(A)** pIκBα and **(B)** pP65. Actin blot is from stripped membranes of either pIκBα blot or pP65 blot. Blots are representative of 6 independent experiments. WT indicates wild type. Histograms represent the mean of data, expressed in optical density (n=6, mean±SEM). \**P*\<0.05; ^†^ *P*\<0.01 (Paired t test; CD40^−/−^ vs wild‐type).](JAH3-7-0e03677-g004){#jah33677-fig-0004}

sCD40L Primes Platelets and Potentiates Platelet Aggregation Via CD40 {#jah33677-sec-0020}
---------------------------------------------------------------------

To obtain insights into the role of the sCD40L/CD40 axis in platelet function, we examined its effect on platelet aggregation. As shown previously,[12](#jah33677-bib-0012){ref-type="ref"} we first sought to confirm that sCD40L did not affect platelet aggregation by itself. Treatment of platelets with sCD40L alone did not affect aggregation independently of its concentration (Figure [5](#jah33677-fig-0005){ref-type="fig"}A). However, pretreatment of platelets with sCD40L for 5, 15, or 30 minutes lead to a significant and dose‐dependent increase of aggregation in response to a suboptimal dose of thrombin (Figure [5](#jah33677-fig-0005){ref-type="fig"}B). For example, pretreatment of platelets with sCD40L for 30 minutes significantly potentiates the response to a suboptimal dose of thrombin from ≈15% in the absence of sCD40L to 40%, 75%, and 85% with 10, 100, and 1000 ng/mL of sCD40L, respectively. This indicates that sCD40L primes platelets and predisposes them to increased aggregation in response to a suboptimal concentration of platelet agonists. Moreover, sCD40L potentiated platelet aggregation in the presence of a suboptimal dose of thrombin receptor activator peptide 1 (TRAP‐1) replicating in a similar fashion the potentiation observed with a suboptimal dose of thrombin, indicating that the action of thrombin is related to its platelet‐activating property, independently from its proteolytic activity (Figure [S3](#jah33677-sup-0001){ref-type="supplementary-material"}).

![sCD40L potentiates platelet aggregation in response to a suboptimal dose of thrombin. **A**, Washed human platelets (250×10^6^/mL) were treated with sCD40L (10, 100, and 1000 ng/mL) for 30 minutes. Histograms represent the mean of aggregations (n=4, mean±SEM). **B**, Platelets were treated with sCD40L (10, 100, and 1000 ng/mL) for 5, 15, and 30 minutes at 37°C. Aggregation was induced by a suboptimal dose of thrombin (0.025±0.01 U/mL). Histograms represent the mean of aggregations (n=4, mean±SEM). \**P*\<0.05; ^†^ *P*\<0.01; ^‡^ *P*\<0.001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs control).](JAH3-7-0e03677-g005){#jah33677-fig-0005}

Next, we sought to determine if such response involves CD40. Effectively, as shown in Figure [6](#jah33677-fig-0006){ref-type="fig"}A, blockade of the CD40L/CD40 axis before treatment with sCD40L abolished the potentiation in platelet aggregation in response to a suboptimal dose of thrombin; in contrast, α5β1 blockade did not (Figure [6](#jah33677-fig-0006){ref-type="fig"}B). Blockade of αIIbβ3 with ReoPro cannot be tested to observe the effect of sCD40L on platelet potentiation, because it is a platelet aggregation inhibitor that hinders the binding of fibrinogen to αIIbβ3 receptors, which is a necessary step for platelet aggregation. Finally, we confirmed the implication of NF‐κB in platelet priming through the use of BAY 11‐7082, a specific inhibitor of NF‐κB, which hinders the potentiating role of sCD40L in platelet aggregation (Figure [6](#jah33677-fig-0006){ref-type="fig"}C).

![sCD40L primes platelets via CD40 and NF‐κB. Washed human platelets (250×10^6^/mL) were pretreated with **(A)** 10 μg/mL of Fab fragment of 5C8 and its immunoglobulin G, **(B)** 10 μg/mL JBS5, or **(C)** 10 μmol/L BAY 11‐7082 for 5 minutes then stimulated with sCD40L (1000 ng/mL) for 30 minutes at 37°C. Platelet aggregation was induced by a suboptimal dose of thrombin (0.025±0.01 U/mL) in the presence or absence of sCD40L. Histograms represent means of aggregation (n=4, mean±SEM). IgG indicates immunoglobulin G. \**P*\<0.001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs the sCD40L group).](JAH3-7-0e03677-g006){#jah33677-fig-0006}

TAK1 is Required in CD40L/CD40/NF‐κB Signaling and Platelet Priming {#jah33677-sec-0021}
-------------------------------------------------------------------

After demonstrating the involvement of CD40L/CD40/NF‐κB signaling in platelet priming, we sought to determine if TAK1 is the effector protein involved upstream of NF‐κB. We showed that TAK1 is present in platelets and is phosphorylated upon sCD40L activation (Figure [7](#jah33677-fig-0007){ref-type="fig"}). Moreover, we demonstrated that TAK1 is upstream of NF‐κB because its inhibitors, ZOL and Takinib, in a dose‐dependent manner, abolish IκB phosphorylation when stimulated with sCD40L. Indeed, at 100 nmol/L, ZOL inhibits entirely TAK1 and IκB phosphorylation (Figure [8](#jah33677-fig-0008){ref-type="fig"}A). Similarly, at 10 μmol/L, Takinib suppresses TAK1 and IκB phosphorylation (Figure [8](#jah33677-fig-0008){ref-type="fig"}B). Such results highlight the requirement of TAK1 for sCD40L‐induced NF‐κB activation in platelets. Furthermore, blockade of TAK1 with ZOL (Figure [9](#jah33677-fig-0009){ref-type="fig"}A) or Takinib (Figure [9](#jah33677-fig-0009){ref-type="fig"}B) dose dependently impairs the potentiating action of sCD40L on platelet aggregation, highlighting for the first time the key involvement of TAK1 in CD40L activation of NF‐κB and priming of platelets. It should be noted that ZOL or Takinib alone have no effects on platelets aggregation (Figure [S4](#jah33677-sup-0001){ref-type="supplementary-material"}).

![TAK1 is present in platelets and phosphorylated by sCD40L. Washed human platelets (1000×10^6^/mL) were treated with 10 μg/mL of blocking polyclonal anti‐CD40L 37°C, then stimulated with 1000 ng/mL of sCD40L for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for pTAK1. TAK1 blot is from stripped membranes of pTAK1 blot. Blots are representative of 4 independent experiments. Histograms represent the mean of data, expressed in optical density (n=4, mean±SEM). pTAK1 indicates phospho transforming growth factor‐β‐activated kinase 1. \**P*\<0.001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs control).](JAH3-7-0e03677-g007){#jah33677-fig-0007}

![sCD40L activates TAK1/NF‐κB in platelets. Washed human platelets (1000×10^6^/mL) were treated with several concentrations of **(A)** ZOL or **(B)** Takinib for 5 minutes at 37°C, and then stimulated with 1000 ng/mL of sCD40L for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for pIκBα and pTAK1. Actin blot is from stripped membranes of pIκBα and pTAK1. Blots are representative of 4 independent experiments. Histograms represent the mean of data, expressed in optical density (n=4, mean±SEM). For pIκBα: \*\**P*\<0.001, \**P*\<0.01, vs unstimulated platelets. For pTAK1: ^††^ *P*\<0.001, ^†^ *P*\<0.01, vs unstimulated platelets (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs the unstimulated groups). Zol indicates 5Z‐7‐Oxozeaenol.](JAH3-7-0e03677-g008){#jah33677-fig-0008}

![TAK1 inhibition reduces the potentiation action of sCD40L on platelet aggregation. Washed human platelets (250×10^6^/mL) were pretreated with 3 doses of **(A)** ZOL (10, 50, and 100 nmol/L) or **(B)** Takinib (1, 5, and 10 μmol/L), then stimulated with sCD40L (1000 ng/mL) for 30 minutes at 37°C. Platelet aggregation was induced by a suboptimal dose of thrombin (0.025±0.01 U/mL). Histograms represent means of aggregation (n=4, mean±SEM). \**P*\<0.01, ^†^ *P*\<0001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test vs the control groups without ZOL (5Z‐7‐Oxozeaenol) or Takinib).](JAH3-7-0e03677-g009){#jah33677-fig-0009}

Discussion {#jah33677-sec-0022}
==========

Platelets are vital players in immune and inflammatory reactions.[39](#jah33677-bib-0039){ref-type="ref"}, [40](#jah33677-bib-0040){ref-type="ref"} In particular, platelet CD40L, expressed on the surface of activated platelets and cleaved to generate most of the sCD40L within the blood circulation, induces inflammatory and thrombotic responses in the vascular system.[4](#jah33677-bib-0004){ref-type="ref"}, [5](#jah33677-bib-0005){ref-type="ref"}, [20](#jah33677-bib-0020){ref-type="ref"}, [41](#jah33677-bib-0041){ref-type="ref"} However, the mechanisms involved in its modulation of platelet function remain unclear. Our previous studies have shown that sCD40L alone, independently of the presence of agonists such as thrombin or collagen, primes platelets via different signaling mechanisms, which includes a CD40‐dependent TRAF‐2/Rac1/p38 MAPK signaling pathway[12](#jah33677-bib-0012){ref-type="ref"}. In fact, the effect of sCD40L is CD40 dependent, since a mutated form of sCD40L that does not bind CD40 (sCD40L^R/Y^), and CD40^−/−^ mouse platelets failed to elicit such responses. More recently, our group also showed that sCD40L alone triggers a strong NF‐κB activation in platelets[13](#jah33677-bib-0013){ref-type="ref"} Inhibition of IκBα reverses sCD40L‐induced IκBα phosphorylation without affecting p38 MAPK phosphorylation. On the other hand, inhibition of p38 MAPK has no effect on IκBα phosphorylation, indicating a divergence in the signaling pathway originating from CD40L. However, it remains unclear if sCD40L triggers NF‐κB activation via CD40 alone or with its other receptors. In addition, the downstream signaling and their impact on platelet aggregation remain unexplored.

In nucleated cells, CD40L/CD40 axis induces activation of the NF‐κB signaling pathway to trigger the transcription of key genes involved in inflammation that may lead to increased cardiovascular events.[42](#jah33677-bib-0042){ref-type="ref"} Although the presence of NF‐κB in nucleated cells has been well documented since its discovery in immune cells \>30 years ago[43](#jah33677-bib-0043){ref-type="ref"} it was not until 2002 that Liu et al demonstrated the expression NF‐κB in platelets and how thrombin‐induced platelet activation triggers the degradation of IκBα[15](#jah33677-bib-0015){ref-type="ref"} Treatment with pharmacological inhibitors of NF‐κB impairs platelet function, thus highlighting the non‐genomic roles of NF‐κB in platelet biology[16](#jah33677-bib-0016){ref-type="ref"}, [44](#jah33677-bib-0044){ref-type="ref"} Our group also showed that sCD40L could activate NF‐κB and thus predisposes platelets to enhanced aggregation in response to a thrombotic stimulus.[13](#jah33677-bib-0013){ref-type="ref"} However, CD40L has multiple receptors on platelets that might be involved in platelet function[23](#jah33677-bib-0023){ref-type="ref"}, [24](#jah33677-bib-0024){ref-type="ref"}

We first confirmed that the priming action of sCD40L alone, via either p38MAPK or NF‐κB, is insufficient to trigger platelet aggregation but potentiates platelet aggregation in response to suboptimal concentrations of platelets agonists, like thrombin or collagen, which are unable themselves to activate p38MAPK or NF‐κB. Furthermore, we showed the ability of sCD40L, independently of the aggregation process, to act as a potent activator of platelet NF‐κB through the phosphorylation of IκBα and p65. Such activation could be involved in platelet secretion, as we demonstrated that the main activator of NF‐κB involved in platelet secretion, IKKβ, is phosphorylated upon sCD40L stimulation and its inhibition reduces the translocation of *P*‐selectin from α granules to the platelet surface.[13](#jah33677-bib-0013){ref-type="ref"} IKKβ implication on platelet secretion is related to the phosphorylation of synaptosomal‐associated protein‐23 (SNAP‐23), which acts as a regulator of granule secretion.[45](#jah33677-bib-0045){ref-type="ref"} Wei et al[46](#jah33677-bib-0046){ref-type="ref"} who show that platelets with IKKβ deficiency exhibit decreased secretion and activation, confirmed this observation.

Since its discovery, CD40L was thought to possess only 1 receptor, CD40[47](#jah33677-bib-0047){ref-type="ref"} However, several studies have indicated the existence of additional receptors, such as αIIbβ3, α5β1 and αMβ2 or Mac‐1[17](#jah33677-bib-0017){ref-type="ref"}, [18](#jah33677-bib-0018){ref-type="ref"}, [23](#jah33677-bib-0023){ref-type="ref"}, [48](#jah33677-bib-0048){ref-type="ref"} Of the 4 known CD40L receptors, CD40, α5β1 and αMβ2 are expressed on a wide variety of cell types, whereas αIIbβ3 is exclusively expressed on platelets and megakaryocytes. We first confirmed the presence, expression and release of sCD40L by activated platelets and demonstrated the presence and expression of its receptors CD40, αIIbβ3 and α5β1; however, we did not find the presence of αMβ2, which is expressed on leukocytes.[49](#jah33677-bib-0049){ref-type="ref"} To elucidate whether αIIbβ3 or α5β1 triggers platelet NF‐κB activation in response to CD40L, we used two relevant antagonists: ReoPro for αIIbβ3[17](#jah33677-bib-0017){ref-type="ref"} and JBS5 for α5β1[24](#jah33677-bib-0024){ref-type="ref"} We observed no changes in the phosphorylation of IκBα and p65 with or without the antagonists following sCD40L stimulation. To test the involvement of CD40, we used 5C8, which is an anti CD40L/CD40 antagonist.[34](#jah33677-bib-0034){ref-type="ref"} Interestingly, NF‐κB activation was abolished entirely by 5C8 following CD40L stimulation, which demonstrates that CD40L induces platelet NF‐κB activation exclusively through CD40. To strengthen our observation, we confirmed those findings in a knockout mouse model, and similar to the CD40/CD40L blockade, NF‐κB activation by msCD40L was absent in the CD40^−/−^ mouse platelets. We had previously demonstrated that injection of msCD40L exacerbates thrombosis in wild‐type mice but not in CD40^−/−^ mice, indicating that enhanced levels of CD40L prime platelets in a CD40‐dependent manner and thus predispose them to enhanced thrombus formation[12](#jah33677-bib-0012){ref-type="ref"} In the present study, we show that sCD40L triggers its intrinsic platelet secretion via CD40. In fact, minimal concentrations of sCD40L can induce significant intrinsic secretion of sCD40L from platelets compared with un‐stimulated platelets; this effect is inhibited by the blockade of CD40L/CD40 binding. Moreover, blockade of CD40L/CD40 and NF‐κB before treatment with sCD40L abolished the potentiation of platelet aggregation in response to a suboptimal dose of thrombin. Kuijpers et al[50](#jah33677-bib-0050){ref-type="ref"} who claim that CD40 is not involved in CD40L‐induced platelet priming, dispute this finding. However, several studies, including our own,[11](#jah33677-bib-0011){ref-type="ref"}, [12](#jah33677-bib-0012){ref-type="ref"}, [51](#jah33677-bib-0051){ref-type="ref"}, [52](#jah33677-bib-0052){ref-type="ref"} yield opposite results in this regard.

Finally, we demonstrated the critical role of TAK1 in platelet priming downstream of CD40L/CD40 and upstream of NF‐κB. In fact, we showed the presence of TAK1 in platelets; CD40 blockade inhibits its phosphorylation upon sCD40L ligation. Moreover, 2 TAK1 inhibitors, ZOL and Takinib, in a dose‐dependent manner, abolish NF‐κB activation following CD40L activation and block the priming action of CD40L on platelet aggregation. Previous studies have shown that TAK1 plays a central role in regulating proinflammatory signaling cascades in several cell types[26](#jah33677-bib-0026){ref-type="ref"}, [28](#jah33677-bib-0028){ref-type="ref"} The evidence for the involvement of TAK1 in CD40‐induced NF‐κB activation was first reported in carcinoma cells. Stimulated CD40, through its association with TRAFs, triggers the engagement of the TAK1/IKKβ/IκBα cascade, which leads to the mobilization of p65 to the interferon regulator factor 1 promoter and the stimulation of its transcriptional activation.[53](#jah33677-bib-0053){ref-type="ref"} Furthermore, TAK1 mediates the production of ROS as well as the production of inflammatory mediators in a manner that implies the CD40L/CD40/NF‐κB pathway in vascular smooth muscle cells.[54](#jah33677-bib-0054){ref-type="ref"}

We recognize that this study has some minor limitations that should be mentioned. sCD40L is released in humans in vivo in thrombotic conditions, although it attains circulating concentrations lower than those required in vitro to prime platelets. Indeed, at least 100 ng/mL of sCD40L was necessary to induce platelet NF‐κB activation; whereas the levels of sCD40L in the circulating blood approximate 1 to 5 ng/mL and increased 10‐folds up to 50 ng/mL in diabetic or in patients with thrombotic events.[55](#jah33677-bib-0055){ref-type="ref"}, [56](#jah33677-bib-0056){ref-type="ref"} However, the level of sCD40L is predicted to be higher at the site of vascular injury. Indeed, the environment that forms in the gaps between aggregated platelets and the injured vessel wall might allow attaining active higher localized concentrations,[57](#jah33677-bib-0057){ref-type="ref"} than those found in the circulating blood. This study may be also limited by the fact that we did not assess the involvement of CD40L in TAK1 induced NF‐κB activation and platelet priming in in vivo experimental thrombosis model, which is planned in further investigations.

Conclusions {#jah33677-sec-0023}
===========

In summary, the present study adds more insights on the role of CD40L in platelet function showing that 1) activation of platelet NF‐κB by sCD40L is CD40‐dependent; 2) sCD40L/CD40 axis activates TAK1 upstream of NF‐κB; and 3) CD40L/CD40/TAK1/NF‐κB signaling primes platelets and potentiates aggregation in response to thrombotic stimuli. Elevated levels of sCD40L are now considered reliable predictors of cardiovascular diseases,[7](#jah33677-bib-0007){ref-type="ref"} particularly in patients with diabetes mellitus,[55](#jah33677-bib-0055){ref-type="ref"}, [58](#jah33677-bib-0058){ref-type="ref"} hypercholesterolemia,[59](#jah33677-bib-0059){ref-type="ref"} atherosclerosis,[60](#jah33677-bib-0060){ref-type="ref"} and acute coronary syndrome.[10](#jah33677-bib-0010){ref-type="ref"}, [56](#jah33677-bib-0056){ref-type="ref"}, [61](#jah33677-bib-0061){ref-type="ref"} Thus, targeting CD40L/CD40/TAK1/NF‐κB limits platelet priming and activation and may ultimately represent a therapeutic target in the treatment of thromboinflammatory diseases.
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**Figure S1.** Dose‐response curve of platelet aggregation in response to thrombin. Washed human platelets (250×10^6^/mL) were stimulated with 4 doses of thrombin: 0.0125 U/mL, 0.025 U/mL, 0.05 U/mL, and 0.1 U/mL. (n=25, mean±SEM).

**Figure S2.** Comparison of the action of sCD40L versus suboptimal concentrations of thrombin or collagen on platelet NF‐κB and p38 MAPK activation. Washed human platelets (1000×10^6^/mL) were stimulated with thrombin (0.025 U/mL), collagen (0.25 μg/mL), or sCD40L (1000 ng/mL) for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for (A) pIκBα. and (B) pP38 blot. Actin blot is from stripped membranes of pIκBα and pP38 blots. Blots are representative of 4 independent experiments, expressed in optical density (n=4, mean±SEM). \**P*\<0.001 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test versus control).

**Figure S3.** Comparison of the effects of sCD40L on platelet aggregation in response to suboptimal dose of thrombin or TRAP‐1. Washed human platelets (250×10^6^/mL) were treated or not with sCD40L (1000 ng/mL) for 30 minutes at 37°C. Platelet aggregation was induced by a suboptimal dose of thrombin (0.025±0.01 U/mL) or TRAP‐1 (1±0.5 μmol/L). Histograms represent means of aggregation (n=3, mean±SEM). \**P*\<0.001 vs Thr, ^†^ *P*\<0.001 versus TRAP‐1 (one‐way ANOVA followed by Dunnett\'s multiple comparisons test versus the control groups).

**Figure S4.** ZOL and Takinib have no effect on platelet aggregation in the absence of sCD40L. Washed human platelets (250×10^6^/mL) were pretreated with (A) 100 nmol/L ZOL or (B) 10 μmol/L Takinib for 5 minutes and then stimulated with sCD40L (1000 ng/mL) for 30 minutes at 37°C. Platelet aggregation was induced by a suboptimal dose of thrombin (0.025±0.01 U/mL) in the presence or absence of sCD40L. Histograms represent means of aggregation (n=4, mean±SEM). \**P*\<0.001, (one‐way ANOVA followed by Dunnett\'s multiple comparisons test versus the control group).
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